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a b s t r a c t
Composites of poly(methyl methacrylate) (PMMA) with multi-walled carbon nanotubes
(MWCNT) of varying aspect ratio and carboxylic acid functionalitywere prepared usingmelt
mixing. The extent of dispersion and distribution of the MWCNTs in the PMMA matrix was
investigated using a combination of high-resolution transmission electron microscopy
(HRTEM), wide-angle X-ray diffraction (XRD) and Raman spectroscopy. The electrical resis-
tivity and oscillatory shear rheological properties of the composites were measured as a
function of MWCNT geometry, functionality, and concentration. The fundamental ballistic
conductance of the pristine free-standing MWCNTs was investigated using a mechanically
controlled break-junction method. The electrical conductivity of PMMA was enhanced by
up to 11 orders of magnitude for MWCNT concentrations below 0.5 wt.%. MWCNTs having
higher aspect ratio, above 500, or functionalized with carboxylic acid groups readily formed
rheological percolated networkswith thresholds, determined fromapower law relationship,
of 1.52 and 2.06 wt.%, respectively. The onset of pseudo-solid-like behaviour and network
formation is observed as G0, g*, and tan d1 are independent of frequency asMWCNT loading
increased. Sufﬁciently long and/or functionalized tubes are required to physically bridge or
provide interfacial interactionswith PMMA to alter polymer chain dynamics. Carboxylic acid
functionalization disrupts the crystalline order of MWCNTs due to a loss of p-conjugation
and electron de-localisation of sp2 C–C bonds resulting in non-ballistic electron transport
in these tubes, irrespective of how highly dispersed they are in the PMMA matrix.
 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Polymeric materials ﬁlled with electrically conductive
nanoparticles are currently of great interest for use in an
extensive range of electronic, aerospace, and military
applications, including high strength ﬁbres, in molecular
wires, ﬂexible electronics, electromagnetic induction
(EMI) shielding, electrostatic dissipation, and as biomole-
cule sensors. The demand for cost effective production of
these materials has led to an intensive research effort into
the melt-processing of polymers ﬁlled with conductive
ﬁbres and particles. Studies on melt-processed polymer
carbon nanotube (CNT) composites are much less common
than those produced by in situ polymerization or solution
cast methods. A number of thermoplastics have been used
in the melt-production of novel polymer/CNT composite
materials with improved electrical properties, such as
poly(methyl methacrylate) (PMMA) [1], poly(styrene)
(PS) [2], medium density poly(ethylene) (MDPE) [3],
poly(carbonate) (PC) [4] and others [5,6].
A limited number of previous studies have described
the melt mixing of PMMA with CNTs. Jin et al. described
0014-3057/$ - see front matter  2010 Elsevier Ltd. All rights reserved.
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how up to 26 wt.% arc-discharge produced MWCNTs were
dispersed in PMMA using a ‘Laboratory Mixing Moulder’ at
200 C [1]. TEM studies revealed the nanotubes to be
undamaged by the mixing process and relatively well dis-
persed with no large agglomerations present. The addition
of 26 wt.% CNTs to PMMA delayed the onset of thermal
degradation by 30 K and an improvement of 2700% in stor-
age modulus at 120 C was reported. Gorga and Cohen dry
blended PMMA with single walled carbon nanotubes
(SWCNTs) and MWCNTs before extruding the mixtures at
230 C through a cylindrical die and reported good disper-
sion at low nanotube loadings [7]. Successful alignment of
nanotubes was also observed by melt drawing the extru-
date, resulting in an increase in tensile toughness of 170%
with the addition of 1 wt.% orientated MWCNTs with re-
spect to the original polymer. Haggenmueller et al. used
a combination of solvent casting and melt mixing to pre-
pare PMMA/SWCNT ﬁlms and ﬁbres for electrical and
mechanical testing [8]. The electrical conductivity mea-
sured in the direction of ﬂow of molten material during
compression moulding was found to increase from 0.118
to 11.5 S/m, as the nanotube loading increased from 1.3
to 6.6 wt.%, respectively. However, measurements made
normal to the direction of ﬂow gave signiﬁcantly lower
values. The elastic modulus and yield strength of the highly
oriented PMMA/SWCNT melt spun ﬁbres increased with
nanotube loading and draw ratio.
Functionalization of nanotube surfaces has been used as
a method of improving compatibility of MWCNTs with
polymers. Zhou et al. directly modiﬁed the surface of
MWCNTs with PMMA via emulsion polymerization initi-
ated by 2,20-azoisobutyronitrile (AIBN) in an aqueous solu-
tion of sodium laurel sulphate (SLS), then made a range of
composites by further melt mixing with PMMA[9]. The
rheological percolation threshold was reduced from 2.5
to 1.5 wt.% by using PMMA-modiﬁed MWCNTs. Jin et al.
used poly(vinylidene ﬂuoride) PVDF as a coupling agent
for MWCNTs and PMMA [10], which yielded a doubling
of the storage modulus at 50 C by incorporating 0.5 wt.%
PVDF. Park et al. used acid-treated, catalytic chemical va-
pour deposition (CVD) produced MWCNTs and AIBN as a
radical initiator to synthesize PMMA/CNT composites by
in situ polymerization [11]. The authors reported the evo-
lution of a new peak in the Raman spectrum of the com-
posite, evident at 1650 cm1 and originating from the
formation of a C–C bond between the MWCNTs and PMMA,
as a consequence of the polymerization reaction. A four
point probe method was used to measure the electrical
properties of the composites and the conductivity
increased signiﬁcantly with the addition of MWCNTs from
1  1013 S/cm for insulating PMMA, to 3.2  104, 2.2 
102, and 1.7  101 S/cm for 1, 5 and 10 wt.% nanotube
loadings, respectively. The DC conductivity of PMMA/
MWCNT samples prepared by solution mixing were
reported by Kim et al., the incorporation of both Fe- and
Co-CVD produced MWCNTs was investigated [12]. Films
were made by the ultrasonication of MWCNTs, PMMA,
and toluene over a period of 24 h and subsequent solvent
extraction. The distribution of the nanotubes was described
as ‘homogeneous’ although no evidence of this was pro-
vided in the paper. However, the electrical conductivity
results obtained, again using a four point probe method,
suggested a percolated network of nanotubes had formed
throughout the polymer ﬁlm with a percolation threshold
estimated at 0.003 wt.%. Log–log plots of DC conductivity
versus mass fraction of Fe-MWCNTs revealed the conduc-
tivity (r) of PMMA increased by 1010 S/cm on addition
of 0.3 wt.% CNTs and the critical exponent of the percolated
network was 2.15. In other work by Benoit et al. [13] a
percolation threshold of 0.33 wt.% was reported for
PMMA/SWCNT solution cast composites in tests performed
on 10 lm thick samples. Du et al. reported the alignment of
SWCNTs in a PMMA composite reduced the electrical con-
ductivity of a 2 wt.% composite from 104 S/cm (unaligned)
to 1010 S/cm (aligned) [14]. The electrical conductivity
was decreased due to the reduction in the number of elec-
trical contacts as a consequence of nanotube orientation.
The CNT loadings required to achieve a percolated net-
work of conducting particles by melt mixing is signiﬁcantly
higher than previously reported for other polymer/
MWCNTs composites produced by in situ polymerisation
and solution processing [15–17]. In these papers, 15–17,
the authors, using an epoxy as the host matrix, reported an
improved electrical conductivity of about 9 orders ofmagni-
tude compared to the neat resin, for percolation thresholds
occurring well below 0.05 wt.% CNTs. In particular, Sandler
et al. using aligned multi-walled carbon nanotubes in an
epoxymaterial achieved an ultra-low percolation threshold
of 0.0025 wt.% [16]. Mc Nally et al. [3] have proposed that
the higher electrical percolation thresholds observed for
melt-mixed polymers/CNT composites compared to those
prepared using solution and in situ polymerisation pro-
cesses is a consequence of the transfer of electrons required
for conduction throughout the bulk sample being hindered
by a layer of insulating polymer (in the order of nanometres
thick), observed fromHRTEM studies, that coats the surface
of nanotubes. This is of signifcant importance for semi-crys-
talline polymers as CNTs can act as nucleating sites for crys-
tallisation. Furthermore, the melt viscosity of the polymer
will also play a role with regard the formation of a poly-
mer-richcoatingonCNTsduringmeltmixing.A criticalmin-
imum distance is required between next nearest neighbour
nanotubes to facilitate electron hopping or tunnelling. The
maximum tunnelling distance, from Monte Carlo simula-
tions, was recently reported to be 1.8 nm, although this will
be dependent on the inherent electrical conductivity of the
polymer and nanotube chirality [18]. Alignment of nano-
tubes from the extrusion process is also considered to be a
contributing factor as to whether an electrical and/or rheo-
logical percolation is obtained, although conversely, as
mentioned above, Sandler et al. reported using aligned
MWCNTs a very low electrical percolation threshold
(0.0025 wt.%) in an epoxy matrix[16].
In this paper we report the preparation of melt-pro-
cessed PMMA/MWCNT composites as a function of
nanotube geometry and functionality. The composite mor-
phology and the extent of the dispersion of the MWCNTs
in the PMMAmatrixwere correlatedwith electrical and rhe-
ological property measurements to elucidate the formation
of a percolated network. The electron transport of the pris-
tine MWCNTs is determined from ballistic conductance
measurements at room temperature.
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2. Experimental
2.1. Materials and composite preparation
The PMMAused in the studywasDiakon™CMG302 sup-
plied by Distrupol Ireland and produced by Lucite Interna-
tional Inc. with MFI = 4.4 g/10 min (200 C/5.0 kg) (ISO
1133), average molecular weight (Mw) 85,000 g/mol.
(GPC) and q = 1.18 g/cm3 (ISO 1183). It is a general purpose
moulding and extrusion grade PMMA with high heat resis-
tance usedmainly in the production of optical parts, display
items, and for tube and proﬁle extrusion. It is relatively
hygroscopic, absorbing 0.3% of its mass in water and as a
consequence the PMMA and all MWCNT materials used
were dried for at least 24 h at 80 Cprior tomelt-processing.
In the ﬁrst instance and in order to investigate whether the
initial polymer particle size affected the properties of the
PMMA/MWCNT composites prepared, it was necessary to
reduce the size of the particles frompellet form (mm) to ﬁne
powder (lm) prior to melt mixing. A Wedco SE-12-TC
grinding machine was used to reduce the PMMA pellet size
to a ﬁne powder having an average particle size of 250 lm,
rendering it more easily blended with MWCNT powder
prior tomeltmixing. The synthesismethods used to prepare
theMWCNTsused in this study, their properties and dimen-
sions are listed in Table 1. A Collins ZK25 (30:1 L/D ratio)
twin-screw extruder (100 rpm) was used to prepare all
PMMA/MWCNT composites with nanotube loadings from
0.01 to 10 wt.%. An intermeshing, co-rotating, twin screw
conﬁguration was employed for all composites, generally
accepted as an effective method of achieving high levels of
dispersion and distribution of nanoparticles inmolten poly-
mers [19]. On exiting the capillary die, the extrudate en-
tered a bath of cooled water and was drawn off at a
constant rate and pelletised. Bulk composite samples were
fabricated into sheet form using a Rondol manual compres-
sion moulder and test specimens cut from this sheet.
2.2. Composite characterization
The nanotubes, before and after melt mixing, the extent
of dispersion and their distribution in the PMMA matrix
were assessed using a combination of high-resolution
transmission electron microscopy (HRTEM) and wide-an-
gle X-ray diffraction (WAXD). Specimens for HRTEM exam-
ination (90 nm thick) were microtomed using a diamond
knife from moulded samples using an Ultracut-E Reichert
Jung ultramictrotome. HRTEM characterisation was carried
out using an FEI Tecnai F20 ﬁeld emission high-resolution
transmission electron microscope using an accelerating
voltage of 200 kV. The destruction of the long range lamel-
lar and concentric arrangement of the MWCNTs post melt
mixing with PMMA was studied using WAXD operating a
PANalytical X’Pert Pro Siemens D5000 diffractometer using
Cu–Ka radiation (k = 1.5406 ÅA
0
) and a scanning rate of
1 min1 in the range 1–40 2h. Raman spectra of the un-
ﬁlled PMMA, MWCNTs, and all nanocomposites were col-
lected using an Avalon Instruments Raman Station R1
ﬁtted with an 8200 Detector Element Echelle CCD detector.
The system was capable of collecting spectra over a Raman
shift spectral range of approximately 250–3500 cm1. Vol-
ume resistivity measurements were made on compression
mouldedﬁlmswith thicknessesof 100and250 lm.Toavoid
temperature effects and the interference of electrical noise,
high resistivity testing was performed in accordance with
ASTM-D257 and experiments conducted using a high accu-
racy Keithley 6517A electrometer and a shielded test enclo-
sure (Keithley 8009 resistivity test ﬁxture). For samples of
low resistivity, two-point probe measurements were used
on the same principle as the volume resistivity test set-up
using the Keithley 6517A electrometer but in combination
with two-point probes and the assistance of platinumor sil-
ver contacts, in order tominimise contact resistance effects.
All measurements were made in triplicate.
2.3. Ballistic conductance of pristine MWCNTs
Electrical conductance of the pristine, free-standing
nanotubes used in this study was probed by a mechani-
cally controlled break-junction method, the detail of the
experimental conﬁguration and data interpretation has
been reported previously [20]. The bias voltage for these
measurements was selected to be below the threshold
for sub-band injection in MWCNTs previously identiﬁed
by Poncharal et al. [21]. The method compiles conductance
histograms for ballistic conduction in networks for carbon
Table 1
Sample codes and characteristics of MWCNT materials.
Supplier (grade) CODE Synthesis
method
CNT content
(%)
Carbon
purity (%)
COOH funct.
(%)
Diameter
(nm)
Length
(lm)
Aspect
ratio
TCD (n/a) CNT-A ADa 15d – – 2–10 <1 100–500
300e
MER Corp
MRGC
CNT-B ADa 30–40c – – 6–20 1–5 50–833
442e
Sun Nanotech
MWCNT-L-P
CNT-C CCVDb >90 >95 – 10–30 1–10 33–1000
517e
Nanocyl
Nanocyl-3101
CNT-D CCVDb >95 >95 <4 10 <1 100
a Arc-discharge.
b Catalytic chemical vapour deposition.
c Impurities bucky-onions and graphite particles.
d Amorphous carbonaceous material.
e Average aspect ratio.
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nanotubes from a statistically large data set. Conductance
is expressed in terms of the conductance quantum
G0 = 2e2/h (G01 = 12,900X) and data is interpreted in
terms of series and parallel combinations of the fundamen-
tal conductance and transmission coefﬁcient per nanotube
[20]. The method follows from the landmark paper of
Frank et al. and subsequent publications, which found elec-
tron transport in MWCNT bundles to be ballistic at room
temperature [22–27]. The ballistic conductance regime is
governed by the Landauer–Büttiker equation [28]:
G ¼ G0
X
ab
Tab ð1Þ
where Tab is the transmission probability of an electron
going from channel a to channel b with a and b represent-
ing the excited bands involved in the transport [28–30].
Theory predicts two conductance channels for an ideal
metallic SWCNT [31]. For an ideal SWCNT with ideal con-
tacts the transmission coefﬁcient for both conductance
channels will equal unity, hence, for ideal SWCNTs Eq. 1
becomes G = 2G0. For a non-ideal contacted SWCNT the
transmission coefﬁcients can be depressed below unity
by backscattering in the nanotube and imperfect contacts.
Similarly, point defects and surface contaminants can de-
press conductance by DG0 = 1 for a 1.4 nm diameter
SWCNT [32]. Alternatively the origin of non-integer-G0
quantisation can be explained in terms of a simple series
ballistic wire model in which the total conductance can
be expressed as:
G ¼ G0
X
ðnjÞ1
 1
ð2Þ
where the summation is over the number of wires in series
and nj is the number of channels in wire j, assuming unity
transmission probabilities for all wires [27].
Oscillatory rheological properties of the samples were
determined using an ARES-rheometer (Rheometrics Scien-
tiﬁc). The measurements were performed in dynamicmode
under a liquid nitrogen atmosphere using 25 mm parallel
plate geometry and a constant gap width of approximately
1.5 mm. Compression moulded 25 mm polymer discs were
used and the tests performed at 220 C. Rheological proper-
ties were measured as a function of angular frequency
which was varied from 0.1 to 100 rad/s and the strain
amplitude was chosen to be within the viscoelastic range
of the composites.
3. Results and discussion
In the ﬁrst instance, we attempted to ascertain the sig-
niﬁcance of the particle size (pellet versus powder) of the
PMMA used during mixing on the extent of dispersion of
MWCNTs in the matrix, which in turn governs percolation
threshold. Fig. 1a and b show HRTEM images of CNT-C
(8.5 wt.%) melt-mixed with PMMA in pellet and powder
form, respectively, prepared using identical processing con-
ditions. It was obvious that a better state of CNT dispersion
and distribution was achieved when the PMMA had a smal-
ler initial particle size (250 lm compared to 1–2 mm),
therefore the PMMA used in this study was ground to a
powder prior to melt mixing with all MWCNTs. The PMMA
was characterised using Fourier transmission infra-red
spectrometry (FTIR) before and after grinding and con-
ﬁrmed the polymer had not degraded during the relatively
high-friction grinding process. In Fig. 1a, large areas of
agglomerated CNT-Cwere observedwith isolated CNTs dis-
persed in the PMMA matrix close to these agglomerations.
Melt-processing was not effective in fully disentangling
and distributing CNT-C bundles and tubes when starting
from PMMA in pellet form. The degree of nanotube disper-
sion can be sub-divided into three categories; (1) regions of
well dispersed nanotubematerial, (2) nanotube agglomera-
tions and (3) a PMMA-rich phase. The HRTEM image in
Fig. 1b clearly shows how the reduced PMMA particle size
assisted nanotube dispersion, as the CNTs appear disentan-
gled and well dispersed throughout the polymer matrix.
Exhaustive microscopic examination of the composite
across the length scales did show some regions void of
nanotubes or ﬁlled with smaller agglomerations sub-1 lm
in diameter, although in all cases the CNTs were much bet-
ter dispersed and distributed than for the composite pre-
pared with PMMA in pellet form. Representative HRTEM
images of the composites prepared with arc discharge
(AD) tubes (CNT-A and CNT-B) and the carboxylic acid func-
tionalised MWCNTs (CNT-D) are shown in Fig. 1c–f. The
shorter more rigid, smaller aspect ratio AD CNT-A and
CNT-B tubes are clearly evident in Fig. 1c and 1d, and
CNT-A is well dispersed in the PMMA matrix. The slightly
higher aspect ratio CNT-B tubes are less well dispersed,
but for both CNT-A and CNT-B signiﬁcant levels of impuri-
ties are also evident (dark regions). The CNT-B tubes were
also coated with a PMMA-rich layer as the diameters of
the structures shown are larger than that of CNT-B alone.
The functionalised tubes, CNT-D, were also highly dispersed
in the PMMAmatrix, see Fig. 1e and f.Moreover, these tubes
appear to align to an extent in the extrusion (shear) direc-
tion. Presumably, this behaviour is governed by both the
electrostatic repulsion between carboxyl groups on the
CNT tips and the increased interfacial interactions between
CNT-D and polar PMMA chains. Similarly, the carboxylic
acid functionalization of MWCNTs in a study by Gojny
et al. improved the dispersion of MWCNTs in an epoxy ma-
trix due to the repulsive forces [33]. Amide functionalisa-
tion of MWCNTs has also been shown to aid dispersion of
MWCNTs in PMMA via solution mixing, however, the elec-
trical resistance of the composite material increased with
increased MWCNT loading [34].
The effectiveness of the mixing process in shearing and
disentangling the CNT bundles was examined by WAXD,
see Fig. 2. The four MWCNT samples used in this study dis-
played a sharp diffraction peak (0 0 2) at 2h = 26  corre-
sponding to the ordered arrangement of the concentric
cylinders of graphitic carbon [35]. This peak was much
sharper for the AD produced tubes as AD tubes have less
defect sites and a more perfect honeycomb lattice
structure compared to CVD produced tubes. This reﬂection
peak was absent for the composites with a low loading of
CNT-A and CNT-B, typically below 1 wt.%, but was clearly
observed for loadings above 1 wt.%. Furthermore, for
PMMA/CNT-A composites the peak shifted to a slightly
higher 2h value, and for PMMA/CNT-B, the peak split
in two, evidence for the effect of shear forces tearing
C. McClory et al. / European Polymer Journal 46 (2010) 854–868 857
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and distorting the CNTs during mixing in the com-
pounder.
AD produced MWCNTs are by nature needle-like, uni-
form, crystalline and retain their short-range order even
after high-shear melt-processing. The 0 0 2 peak became
narrower on composite formation as the short-range order
of the nanotubes was disturbed on addition to PMMA, due
to the tearing and shearing forces encountered during melt
mixing. The shear applied during mixing was less effective
at disentangling the tubes as the loading of smaller diam-
eter more rigid AD tubes increased. Furthermore, it ap-
pears the melt mixing process did not initiate tube
scission, as the integrity of the nanotubes was retained
after composite formation, see Fig. 1. CNT-A and CNT-B
in their pristine state have a corresponding d-spacing of
3.398 Å which is known to be the interlayer spacing
Fig. 1. HRTEM images of 8.5 wt.% composites of PMMA (a) in pellet form with CNT-C, (b) in powder form with CNT-C, and 5 wt.% composites of PMMA with
(c) CNT-A, (d) CNT-B, (e) and (f) CNT-D.
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between concentric nanotubes within the multi-layered
structure. After melt-processing this value decreased to
3.348 Å as the tubes embedded in the polymer matrix were
constricted and under the compressive strain of the sur-
rounding matrix. The short-range order of CVD produced
MWCNTs was lost on composite formation as the 0 0 2
reﬂection was not observed for the composites containing
CVD produced tubes, see Fig. 2c and d.
The effect of shear forces during mixing on the integrity
of the tubes and the extent of interactions between the
PMMA matrix and the different MWCNTs was investigated
using Raman spectroscopy. MWCNTs, like all graphitic
materials exhibit D and G bands in their Raman spectra
associated with defect density (D) and the tangential
stretching mode (G), respectively. Fig. 3a and b shows the
normalised Raman spectra of the composites prepared
with PMMA in pellet and powder form with CNT-C, respec-
tively. The D and G bands were observed for both sets of
composites, the relatively intense D band conﬁrming the
high levels of defects sites in CVD produced tubes. Interest-
ingly, the intensity of the D band increased to an approxi-
mate constant value independent of CNT-C loading,
implying the defect density of these tubes increased as a
consequence of the melt mixing process. The defect den-
sity can be estimated by rationing the relative intensities
of the D and G bands and generating a plot of ID/IG against
wt.% MWCNT, see Fig. 3c. For pristine CNT-C ID/IG = 0.53, as
ID increased ID/IG increased to between 1.4 and 1.5
irrespective of CNT-C loading. The G band, for the PMMA
(powder)/CNT-C composites, up-shifted by about 20 cm1.
This up-shift is a result of the polymer matrix exerting a
compressive force on the nanotubes, altering the tangen-
tial motion of the tubes, implying the polymer is interca-
lated between tubes, there are interfacial interactions
between PMMA chains and CNT-C, and the tubes are well
dispersed in the PMMA matrix, supported by HRTEM stud-
ies, see Fig. 1b. The Raman spectra of the composites pre-
pared with CNT-A, CNT-B and CNT-D are shown in
Fig. 4a–c, respectively. The D band for the composites con-
taining both AD produced tubes, CNT-A and CNT-B, was
less intense than that obtained for the CVD produced
tubes. Furthermore, there was little shifting of the G band.
ID/IG for both AD produced tubes was 0.36, lower than that
determined for the CVD produced CNT-C tubes (0.53). The
lower number of defects detected for the AD produced
MWCNTs is in agreement with the increased perfection
Fig. 2. WAXD patterns of composites of PMMA with (a) CNT-A, (b) CNT-B, (c) CNT-C and (d) CNT-D in the range of 2–40 with increasing MWCNT content
(1–10 wt.%).
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of the honeycomb lattice structure reported previously for
arc-discharge produced MWCNTs [36]. ID/IG of the compos-
ites was reduced signiﬁcantly as nanotube content was in-
creased, an effect more pronounced for the composites
containing higher aspect ratio nanotubes. The decrease in
ID/IG for the PMMA/CNT-A and PMMA/CNT-B composites
is due to an increase in the intensity of the tangential mode
(G band) of the MWCNTs within the composites relative to
the D-band, as a function of increasing nanotube loading.
Valentini et al. for a range of PP/SWCNT composites pro-
cessed by melt-extrusion proposed that the general in-
crease in G-band intensity was due to a reduction in the
quantity of polymer intercalated between the nanotube
bundles as CNT loading was increased [37]. However, for
isotropically ordered SWCNT shells an increase in G-band
intensity is more likely an indication of the breakage of
SWCNT shells. The hypothesis proposed by Valentini
et al. is valid for composites of de-bundled MWCNTs and
polymers.
The extent of formation of an electrical percolated net-
work was studied by measuring the volume resistivity of
the PMMA/MWCNT composites as a function of CNT load-
ing, up to 10 wt.%, see Fig. 5. Only PMMA/CNT-A and
PMMA (powder)/CNT-C systems attained an electrical per-
colated network with thresholds (qc) at 0.5 and 7.75 wt.%,
respectively, further supporting HRTEM observations that
CNT-A and CNT-C were highly dispersed in the PMMA ma-
trix. The volume resistivity decreased by about 11 orders of
magnitude from 1017 to 106 Ohm cm on addition of either
CNT-A or CNT-C. As pristine CNT-A was only 15% MWCNT
pure and assuming only metallic MWCNTs contributed to
the electrically conducting network, the actual percolation
threshold (qc) is approximately 0.075 wt.%. Again the inti-
mate mixing of PMMA powder with CNT-C facilitated more
readily the formation of a network of the high aspect ratio
entangled CVD produced CNT-C. The composites prepared
with CNT-B and CNT-D did not form an electrical perco-
lated network. That CNT-D was highly dispersed in the
PMMA matrix yet no electrically conducting percolated
network was obtained can be explained in terms of how
the carboxylic acid functional groups destroy electron hop-
ing and tunnelling. The excellent dispersion achieved did
not lead to the formation of a conducting network of nano-
tubes and hence the functionalised MWCNTs did not alter
the resistivity of the neat polymer. The addition of func-
tional groups to a CNT has been known to disturb the
Fig. 3. Raman spectra of composites of CNT-C with (a) PMMA in pellet form (b) PMMA in powder form, in the range of 1000–2000 cm1, (c) ID/IG Raman
ratios of for both set of composites in (a) and (b).
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graphitic structure of the nanotube by introducing sp3
hybridization to the conjugated system [38]. This change
in the fundamental structure of the nanotube disrupted
the conjugation and hence induced a distortion of the gra-
phitic layer. In turn, these sp3 bonded sites are viewed as
defects in terms of electron transport through a nanotube
and result in a reduction in the overall electrical conductiv-
ity of the nanotube [38]. Additionally, the promoted inter-
actions between polymer chains and functional groups on
the surface of a nanotube may account for the overall
reduction in electrical conductivity as a layer of insulating
polymer may impede electron ﬂow by increasing the dis-
tance required for an electron to travel from tube to tube.
As stated previously, recent Monte Carlo studies have pro-
vided an estimate of the maximum tunnelling distance is
such composites to be about 1.8 nm [18].
The fundamental ballistic conductance of the pristine
free-standing tubes were thus measured, see Fig. 6. The
x-axis of the plots is conductance in units of the conduc-
tance quantum and the y-axis is the quantity H which is
a measure of the frequency of occurrence of the conduc-
tance value within the sample [20]. Fig. 6a shows the con-
ductance histogram for CNT-A, (note that H is displayed on
a logarithmic scale); the histogram is dominated by a
broad feature close to zero conductance with minor peaks
at 0.38 ± 0.03G0, 0.60 ± 0.04G0, 1.04 ± 0.09G0, 2.25 ± 0.20G0,
3.32 ± 0.30G0, and 4.44 ± 0.25G0. The main broad feature
close to zero conductance is attributed to non-quantised
diffusive conduction, with superimposed minor peaks
and indicates some contribution from ballistic transport.
Although skewed by this broad feature, the minor peaks
can be interpreted by the series and parallel ballistic
Fig. 4. Raman spectra of composites of PMMAwith (a) CNT-A, (b) CNT-B, (c) CNT-D, in the range of 1000–2000 cm1, (d) ID/IG Raman ratios of PMMA/CNT-A
and PMMA/CNT-B composites.
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wire model with fundamental conductance values at
1.04 ± 0.09G0 and 2.25 ± 0.20G0 (1.04 ± 0.09G0 + 2.25 ±
0.20G0? 3.32 ± 0.30G0, 2.25 ± 0.20G0 + 2.25 ± 0.20G0?
4.44 ± 0.25G0, and a series combination of two 1.04 ±
0.09G0? 0.60 ± 0.04G0, and three 1.04 ± 0.09G0? 0.38 ±
0.03G0, via Eq. 2). Fig. 6b shows the conductance histogram
for CNT-B; a major peak occurs at 1.30 ± 0.06G0, and a very
broad feature centred on 8.88G0. The peak at 1.30 ± 0.06G0
coincides with one fundamental peak exhibited by all the
MWCNT samples. Since one ideal SWCNT shell is predicted
to support 2G0 of conductance the very broad feature cen-
tred on 8.88G0 indicates some nanotubes within the sam-
ple have > 4 current-carrying walls. Fig. 6c shows the
conductance histogram for CNT-C in terms of G0. Resolved
Fig. 5. Variation in volume resistivity as a function of CNT loading, for different PMMA/MWCNT composites, sample thickness 250 lm.
Fig. 6. Ballistic conductance behaviour for composites of PMMA with (a) CNT-A (b) CNT-B (c) CNT-C and (d) CNT-D.
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peaks were observed at 0.61 ± 0.05G0, 1.28 ± 0.08G0, 2.12 ±
0.10G0, 3.14 ± 0.26G0, 4.36 ± 0.23G0, and 6.31 ± 0.09G0. The
low number of discrete peaks points to analysis via a
simple parallel and series ballistic wire model for MWCNTs
comprising a low number of current-carrying walls [20].
The simple model that emerges from this analysis is of
two fundamental conductance values at 1.28 ± 0.08G0
and 2.12 ± 0.10G0, the higher value conductances are
sums of combinations of the two fundamental peaks
(1.28 ± 0.08G0 + 2.12 ± 0.10G0? 3.14 ± 0.26G0, 2.12 ± 0.10G0 +
2.12 ± 0.10G0? 4.36 ± 0.23G0, 3.14 ± 0.26G0 + 3.14 ± 0.26G0?
6.31 ± 0.09G0) and a series combination of two 1.28 ±
0.08G0? 0.61 ± 0.05G0, again from Eq. 2. Since the paral-
lel combination of the two minor fundamental peaks is a
major peak it can be concluded that the conduction path-
way is within two walls of one nanotube (i.e. within 1
MWCNT). This simple model is very similar to that pro-
posed for double-wall carbon nanotubes, namely: an out-
er-wall contribution of 1G0 and a ﬁrst inner-wall
contribution of 2G0 [20]. Fig. 6d shows the conductance
histogram for carboxylic acid functionalised MWCNTs
(CNT-D); major peaks were observed at 0.56 ± 0.08G0,
0.87 ± 0.10G0, 2.21 ± 0.22G0, and 3.28 ± 0.08G0. The con-
ductance histogram for CNT-D shows fewer resolved peaks
and a higher background conductance that extends to high
conductance values. Peak values that coincide with those
in Fig. 6a (0.56 ± 0.08G0, 1.35 ± 0.07G0, 2.21 ± 0.22G0, and
3.28 ± 0.08G0) can be described by the same model as
above. However, the 0.87 ± 0.10G0 peak cannot be ascribed
to a series or parallel combination of the other peaks so it
must also be considered fundamental. Ballistic conduc-
tance testing of CNT-D and data interpretation has re-
vealed the carboxyl-functionalised nanotubes are not
electrically conductive due to the loss in the p-conjugated,
electron de-localisation of the sp2 C–C bond in the nano-
tube walls, as a result of nanotube functionalization. In
conclusion, the ballistic current pathways for CNT-C are re-
stricted to the outer two layers of the MWCNT structure,
the outer- and inner-layer supporting1G0 and 2G0 of con-
ductance, respectively. The CNT-D sample shows similar
ballistic conductance characteristics with an additional
0.87G0 contribution not seen in the other samples but the
high background is evidence for non-ballistic transport
suggesting a degree of disruption in the crystalline quality
of the samples relative to the other samples. The arc-dis-
charge produced tubes (CNT-A and CNT-B) comprise two
distinct groups: those with ballistic current carrying path-
ways in a 1G0 layer and a signiﬁcant fraction with ballis-
tic current distributed over > 4 layers. These tubes are
dominated by low-conductance non-ballistic transport
with a minor contribution from two-layer ballistic conduc-
tance as exhibited by the other samples, suggesting a rela-
tively high defect density in their structure.
As expected, the electrical percolation increased as a
function of sample thickness. Fig. 7 shows how qc in-
creased from 0.2 to 0.5 wt.% when the ﬁlm thickness was
increased from 100 to 250 lm. This effect may be attrib-
uted to a more 2D arrangement of the MWCNTs when
reducing the sample thickness for which lower amounts
of MWCNT are required to form a conductive network in
the plane as the conductivity is measured.
It is well understood during oscillatory melt rheology
measurements that behavior at low frequencies is very
responsive to the changing nano/micro-structure of ﬁlled
polymer composites, such that the formation of percolated
ﬁller networks and associated ‘pseudo-solid’ like proper-
ties can be studied. The percolative state of the nanotubes
can be detected by a sudden increase in storage modulus
(G0) or complex viscosity (g*) as the behavior of the mate-
rial becomes less dependent on frequency as a function of
increased ﬁller concentration. Evidence for the formation
of a rheological percolated network for all composites pre-
pared was investigated using oscillatory shear rheology,
see Figs. 8–11. Fig. 8a and b show the variation in G0 and
g* with frequency as a function of CNT-D (f-MWCNT) load-
ing. At low frequencies both G0 and g* increased signiﬁ-
cantly with increased CNT-D loading, the former by more
than 2 orders of magnitude (9077%) at 0.1 rad/s and the
Fig. 7. Variation in volume resistivity as a function of CNT loading for different test sample thicknesses (100 and 250 lm) – PMMA/CNT-A composites.
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latter by 391% on addition of 5 wt.% CNT-D, unambiguous
evidence of the restriction of polymer ﬂow by the forma-
tion of a CNT network in three dimensions throughout
the composite. From Fig. 8b, the 5 wt.% composite exhib-
ited a constant shear thinning effect during the entire fre-
quency sweep, whereas the viscosity of the neat PMMA
was independent of frequency at low values. The viscosity
curve of the composites deviated from the behaviour of the
neat polymer and became steeper at low frequencies. The
increase in G0 and g* above nanotube loadings of 1 wt.%
is indicative of the domination of polymer–nanotube–
polymer interactions and the onset of formation of an
interconnected structure of nanotubes. This is similar to
that described by Pötschke et al. for a range of PC/MWCNT
composites fabricated by a masterbatch dilution method
having a rheological percolation at 2 wt.% MWCNTs [39].
For the range of composites studied in this work, G0 be-
came less dependent on frequency as nanotube loading
was increased above 1 wt.% CNT-D, a phenomenon indica-
tive of liquid-to-solid-like behaviour as the nanotube net-
work restrains the long range motion of the polymer
chains. The onset of percolation can be more readily iden-
tiﬁed by plotting log G0 versus log G0 0 (Cole–Cole plot) and
inverse tan d against frequency (x), see Fig. 8c and d,
respectively. Any deviation from a linear relationship be-
tween G’ and G’’ is indicative of the formation of a perco-
lated network. This is clearly evident for the PMMA/CNT-
D composites as a percolation threshold was detected be-
tween 1 and 3 wt.% CNT-D. Further evidence for network
formation was apparent from a plot of inverse tand versus
frequency. An increase in tan d1 is a measure of the in-
crease in the ‘solidity’ of the composites [40]. It can be seen
that at low frequencies and as CNT-D loading was in-
creased from 1 to 3 wt.%, and subsequently to 5 wt.%,
tan d1 increased and both curves formed a plateau,
suggesting percolation is closer to 3 wt.%. This result is
supported by our observations from exhaustive character-
ization of PMMA/CNT-D composites by HRTEM across the
length scales; see Fig. 1e and f. As long as the inter-nano-
tube distance is equal to or greater than the average radius
of gyration of the polymer chains, then chain mobility will
be restricted. The average radius of gyration of the PMMA
used in this study was estimated from:
hS2i ¼ aMb ð3Þ
where hS2i is the mean squared radius of gyration, M is
molecular weight, in this instance 85,000 g/mol, and a
and b are constants, 0.0713 and 1.0098, respectively [41].
Fig. 8. Variation in (a) storage modulus (G0) as a function of frequency (x), (b) complex viscosity (g*) as a function of x, (c) Cole–Cole plots (G0 versus G0 0)
and (d) inverse loss tangent (tan d)1 as a function of x for PMMA/CNT-D composites.
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The average diameter for a random coil was estimated to
be 15.3 nm. Achieving a percolation for CNT-D composites
was in part surprising as CNT-D had the smallest average
aspect ratio (100) of the 4 MWCNT types used, see
Table 1. This would indicate that interactions between
the carboxylic acid groups on the CNT surface and PMMA
are more critical to attaining rheological percolation
rather than physical bridging of polymer chains. Such
Fig. 9. Variation in (a) storage modulus (G0) as a function of x, (b) complex viscosity (g*) as a function of x, (c) Cole–Cole plots (G0 versus. G0 0) and (d)
inverse loss tangent (tan d)1 as a function of x, for PMMA/CNT-C composites.
Fig. 10. Log–log plot of storage modulus (G0 at 0.1 rad/s) versus reduced mass fraction for PMMA/CNT-C and PMMA/CNT-D composites.
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phenomena, i.e. rheological percolation but no electrical
percolation, has been observed for polycarbonate MWCNT
composites [42]. The role of reactive compatibilization and
functionalized CNTs on electrical and rheological percola-
tion has also been demonstrated for melt mixed polyam-
ide-12 SWCNT systems [43]. If the average aspect ratio is
much larger, as in the case for CNT-C (517), the restric-
tion of the mobility of PMMA chains is still sufﬁcient to
form a rheological percolated network, see Fig. 9. The
data presented in Fig. 9 for composites of PMMA (pow-
der) with CNT-C shows the variation in G0, g* and tan d1
with frequency, and a plot of log G0 versus log G0 0. Both G0
and g* increased with successive addition of CNT-C up to
10 wt.%, the former by 127% for 0.1 rad/s. The deﬁnite
onset of a rheological percolation was obvious from a
log–log plot of G0 versus G0 0, (Cole–Cole plot), the change
in slope and divergence of the line indicative of percola-
tion behavior at low frequencies. Furthermore, a signiﬁ-
cant increase in tan d1 was obtained conﬁrming the
formation of a percolated network at some loading
approaching 5 wt.% CNT-C. A more accurate estimate of
the rheological percolation for the composites of PMMA
with CNT-C and CNT-D can be determined using a power
law relationship:
G0aðmmcÞt ð4Þ
where G0 is the storage modulus, m is the MWCNT mass
fraction, mc is percolation threshold and t is the critical
exponent which can be extracted from the slope of the line
of a log–log plot of G0 versus reduced mass fraction
(mmc)/mc, see Fig. 10. Using this approach the rheological
percolation threshold for PMMA/CNT-C and PMMA/CNT-D
composites was found to be 1.52 and 2.06 wt.%,
respectively.
Interestingly, for the composites prepared with CNT-C
but with the PMMA in pellet form prior to melt mixing
(not shown), G0 was 1.5 times smaller and a rheological
percolation threshold of 7 wt.% was obtained, in contrast
to the composites prepared with PMMA in powder form.
The former facilitates better dispersion and distribution
of CNT-C in the matrix via network formation, whereas
composites with a larger number of MWCNT agglomera-
tions have melt-ﬂow properties similar to neat PMMA.
The effect of degree of dispersion on rheological properties
of PMMA/SWCNT composites was reported by Du et al.
[41]. The authors reported signiﬁcantly higher G0 values
for a well dispersed PMMA/SWCNT (1 wt.%) composite rel-
ative to a similarly poorly mixed composite.
Fig. 11. Variation in (a) storage modulus (G0) as a function of x, (b) complex viscosity (g*) as a function of x, (c) Cole–Cole plots (G0 versus G0 0) and (d)
inverse loss tangent (tan d)1 as a function of x for PMMA/CNT-B composites.
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Evidence for the formation of a rheological percolated
network for the composites prepared with AD MWCNTs
having aspect ratios intermediate of CNT-C and CNT-D
(i.e. CNT-A(300) and CNT-B(442)) was not conclusive for
the MWCNT loadings studied. Fig. 11 shows G0, g* and
tan d1 as a function of frequency (x) and log G0 versus
log G0 0 for increasing CNT-B loading. A small increase in
G0, g*, and tan d1 across the frequency range studied was
obtained for a CNT-B loading of 3 wt.% and above and a plot
of log G0 versus log G’’ showed that the microstructure of
the composite changed little on addition of CNT-B. Similar
behavior was observed for the composites of PMMA with
CNT-A, see Fig. 12. Minimal increases in G0, g*, and tan d1
were observed, but in this instance only for a CNT-A load-
ing approaching 5 wt.%. The damping characteristics of the
PMMA were not altered on addition of CNT-A. Although
CNT-A and CNT-B have average aspect ratios intermediate
of CNT-C and CNT-D, they also contain higher levels of
impurities (including various carbonaceous materials),
85% and 60%, respectively, see Table 1. The PMMA/CNT-A
composites formed an electrical percolated network as
the CNT-A tubes were highly dispersed in the PMMA ma-
trix but did not form a rheological percolated network.
The more pure CNT-B tubes were poorly mixed in the
PMMA matrix (Fig. 1d) and didn’t form either an electrical
or rheological percolated network. The CNT-B tubes were
coated with an insulating PMMA layer, which grossly af-
fected the electron conduction process.
4. Conclusions
Composites of PMMA with four different MWCNTs of
varying aspect ratio and functionality were prepared using
melt mixing in a twin-screw extruder. For a given MWCNT,
the initial particle size of the PMMA used was found to be
critical as to whether an electrical or rheological percolated
network was formed. By way of example, when CNT-C was
added at loadings up to 10 wt.% to PMMA (particle diame-
ter 2 mm) no electrical percolation was obtained. In con-
trast, an electrical percolation threshold of 7.75 wt.% was
attained when the average PMMA particle size was
250 lm and the electrical resistivity of PMMA decreased
by about 11 orders of magnitude from 1017 to 106 Ohm
cm. The smaller particle size facilitates more intimate mix-
ing of polymer chains and nanotubes under the conditions
Fig. 12. Variation in (a) storage modulus (G0) as a function of x, (b) complex viscosity (g*) as a function of x, (c) Cole–Cole plots (G0 versus G0 0) and (d)
inverse loss tangent (tan d)1 as a function of x for PMMA/CNT-A composites.
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of melt mixing used in the extruder. Both set of composites
formed rheological percolated networks characteristic of
pseudo-solid-like behaviour but with different thresholds,
the former at about 4 wt.% and the latter at approximately
7 wt.%. The lowest electrical percolation threshold
(0.5 wt.%) was detected for the composites prepared with
CNT-A. Presumably the short and rigid arc-discharge pro-
duced CNT-A tubes are more easily dispersed and distrib-
uted in the PMMA matrix. As the CNT-A sample was 15%
pure and assuming only the metallic tubes contributed to
the formation of an electrical network, the threshold for
this system maybe as low as 0.075 wt.%, signiﬁcantly be-
low that previously reported for other polymer-MWCNT
melt mixed systems. Addition of CNT-B or CNT-D to PMMA
up to 10 wt.% did not alter the electrical resistivity of
PMMA.
Interestingly, the lowest aspect ratio and shortest tubes
(CNT-D) readily formed a rheological percolated network
in PMMA, indicating interfacial interactions between
PMMA chains and the carboxylic acid functional groups
on the surface of CNT-D play a major role in the formation
of a rheological percolated microstructure. The rheological
percolation threshold for the composites with CNT-C and
CNT-D, determined using a power law relationship, were
1.52 and 2.06 wt.%, respectively.
The formation of a rheological percolated network and
not an electrical equivalent for the PMMA/CNT-D compos-
ites was a consequence of the loss of p-conjugation and
electron de-localisation of the sp2 C–C bonds from carbox-
ylic acid functionalization of pristine CNT-D tubes. Func-
tionalization destroys the crystalline quality of CNT-D
resulting in non-ballistic transport in these tubes. In addi-
tion, the strong interactions towards the PMMA may form
an insulating polymer layer around the nanotubes, so that
a rheological percolation indicates network formation but
this network is not electrically conductive. The formation
of rheological percolated networks for the MWCNTs with
aspect ratios intermediate of CNT-D (smallest) and CNT-C
(largest) was not obvious for the composition range stud-
ied. Sufﬁciently long and/or functionalized tubes are re-
quired to physically bridge or interact with PMMA to
alter polymer chain dynamics.
Acknowledgement
This work was supported by the EU Speciﬁc Targeted
Research Project DESYGN-IT (No.NMP4-CT-2004-505626),
The Royal Society (574006/G503/24135) and The Nufﬁeld
Foundation (NAL/00696/G).
References
[1] Jin Z, Pramoda KP, Xu G, Goh SH. Chem Phys Lett 2001;337:43–7.
[2] Thostenson ET, Chou T-W. J Phys D: Appl Phys 2002;35:S77–80.
[3] McNally T, Pötschke P, Halley P, Murphy M, Martin D, Bell SEJ, et al.
Polymer 2005;46:8222–32.
[4] Pötschke P, Bhattacharyya AR, Janke AE. Polym J 2001;39:137–48.
[5] Manchado MAL, Valentini L, Biagiotti J, Kenny JM. Carbon
2005;43:1499–505.
[6] Wanjale SD, Jog JP. Polymer 2006;47:6414–21.
[7] Gorga RE, Cohen RE. J Polym Sci Part B: Polym Phys 2004;42:
2690–702.
[8] Haggenmueller R, Gommans HH, Rinzler AG, Fischer JE, Winey KI.
Chem Phys Lett 2000;330:219–25.
[9] Zhou Z, Wang S, Lu L, Zhang Y, Zhang Y. Comp Sci Tech
2007;67:1861–9.
[10] Jin Z, Pramoda KP, Goh SH, Xu G. Mater Res Bull 2002;37:271–8.
[11] Park SJ, Kim ST, Cho MS, Kim HM, Joo J, Choi HJ. Curr Appl Phys
2005;5:302–4.
[12] Kim HM, Kim K, Lee SJ, Joo J, Yoon HS, Cho SJ, et al. Curr Appl Phys
2004;4:577–80.
[13] Benoit, JM, Corraze B, Lefrant S, Blau WJ, Bernier P, Chauvet O. Synth
Met 2001;121:1215–6.
[14] Du F, Fischer JE, Winey KI. J Polym Sci Part B: Polym Phys
2003;41:3333–8.
[15] Sandler J, Shaffer MSP, Prasse T, Bauhofer W, Schulte K, Windle AH.
Polymer 1999;40:5967–71.
[16] Sandler JKW, Kirk JE, Kinloch IA, Shaffer MSP, Windle AH. Polymer
2003;43:5893–9.
[17] Martin CA, Sandler JKW, Shaffer MSP, Schwarz M-K, Bauhofer W,
Schulte K, et al. Comp Sci Technol 2004;64:2309–16.
[18] Li C, ThostensonET, ChouTW.Appl Phys Lett 2007;91:22311401–403.
[19] Bravo VL, Hrymak AN, Wright JD. Polym Eng Sci 2000;40:525–41.
[20] Baxendale M, Melli M, Alemipour Z, Pollini I, Dennis TJS. J Appl Phys
2007;102:10372101–106.
[21] Poncharal P, Berger C, Yi Y, Wang ZL, de Heer WA. J Phys Chem B
2002;106:12104–8.
[22] Frank S, Poncharal P, Wang ZL, de Heer WA. Science
1998;280:1744–6.
[23] Urbina A, Escheverria I, Perez-Garrido A, Diaz-Sanchez A, Abellan J.
Phys Rev Lett 2003;90:10660301–304.
[24] Li HJ, Lu WG, Li JJ, Bai XD, Gu CZ. Phys Rev Lett
2005;95:08660101–104.
[25] Bourlon B, Glatti DC, Plaçais B, Berroir JM, Miko C, Forrò L, et al. Phys
Rev Lett 2004;92:02680401–404.
[26] Tsutsui M, Mitsuya S, Kurosawa S, Sakai A. Nanotechnology
2005;16:1863–7.
[27] (a) de Heer WA, Frank S, Ugarte DZ. Phys Rev B 1997;104:469-473;
(b) Berger, C, Yi Y, Gezo J, Poncharal P, de Heer WA. New J Phys
2003;5:158.1-158.16; (c) de Heer WA, Ugarte D. in: Nanowires,
editors, Kluwer, Netherlands, 1997, p 227.
[28] Büttiker M. IBM J Res Dev 1988;32:63.
[29] Landauer, R. IBM J Res Dev 1957;1:223.
[30] Landauer R. Philos Mag 1970;21:863.
[31] Saito R, Dresselhaus G, Dresselhaus MS. Physical properties of
carbon nanotubes. Imperial College Press: London; 1998 (Chapter 4).
[32] Chico L, Benedict LX, Louie SG, Cohen ML. Phys Rev B
1996;54:2600–6.
[33] Gojny FH, Nastalczyk J, Rslaniec Z, Schulte K. Chem Phys Lett
2003;370:820–4.
[34] Ramanathan T, Liu H, Brinson LC. J Polym Sci Part B: Polym Phys
2005;43:2269–79.
[35] Zhou O, Fleming RM, Murphy DW, Chen CH, Haddon RC, Ramirez AP,
Glarum SH. Science 1994;263:1744–7.
[36] Dresselhaus MS, Dresselhaus G, Sugihara K, Spain IL, Goldberg H.
Graphite ﬁbres and ﬁlaments. Springer-Verlag: NewYork; 1988.
[37] Valentini L, Biagiotti J, Kenny JM, Santucci S. J Appl Polym Sci
2003;87:708–13.
[38] Gojny FH, Wichmann MHG, Fiedler B, Kinloch IA, Bauhofer W,
Windle AH, et al. Polymer 2006;47:2036–45.
[39] Pötschke P, Fornes TD, Paul DR. Polymer 2002;43:3247–55.
[40] Kota AK, Cipriano BH, Duesterberg MK. Gershon AL, Powell D,
Raghavan SR, et al. Macromolecules 2007;40:7400-7406.
[41] Du F, Scogna RC, Zhou W, Brand S, Fischer JE, Winey KI.
Macromolecules 2004;37:9048–55.
[42] Pötschke P, Abdel-Goad M, Alig A, Dudkin S, Lellinger D. Polymer
2004;45:8863–70.
[43] Bhattacharyya AR, Pötschke P, Abdel-Goad M, Fischer D. Chem Phys
Lett 2004;392:28–33.
868 C. McClory et al. / European Polymer Journal 46 (2010) 854–868
M
A
CR
O
M
O
LE
CU
LA
R
N
A
N
O
TE
CH
N
O
LO
G
Y
